Edited by Xiao-Fan Wang ABC member B5 (ABCB5) mediates multidrug resistance (MDR) in diverse malignancies and confers clinically relevant 5-fluorouracil resistance to CD133-expressing cancer stem cells in human colorectal cancer (CRC). Because of its recently identified roles in normal stem cell maintenance, we hypothesized that ABCB5 might also serve MDR-independent functions in CRC. Here, in a prospective clinical study of 142 CRC patients, we found that ABCB5 mRNA transcripts previously reported not to be significantly expressed in healthy peripheral blood mononuclear cells are significantly enriched in patient peripheral blood specimens compared with non-CRC controls and correlate with CRC disease progression. In human-to-mouse CRC tumor xenotransplantation models that exhibited circulating tumor mRNA, we observed that cancer-specific ABCB5 knockdown significantly reduced detection of these transcripts, suggesting that the knockdown inhibited tumor invasiveness. Mechanistically, this effect was associated with inhibition of expression and downstream signaling of AXL receptor tyrosine kinase (AXL), a proinvasive molecule herein shown to be produced by ABCB5-positive CRC cells. Importantly, rescue of AXL expression in ABCB5-knockdown CRC tumor cells restored tumor-specific transcript detection in the peripheral blood of xenograft recipients, indicating that ABCB5 regulates CRC invasiveness, at least in part, by enhancing AXL signaling. Our results implicate ABCB5 as a critical determinant of CRC invasiveness and suggest that ABCB5 blockade might represent a strategy in CRC therapy, even independently of ABCB5's function as an MDR mediator.
ABC member B5 (ABCB5) mediates multidrug resistance (MDR) in diverse malignancies and confers clinically relevant 5-fluorouracil resistance to CD133-expressing cancer stem cells in human colorectal cancer (CRC). Because of its recently identified roles in normal stem cell maintenance, we hypothesized that ABCB5 might also serve MDR-independent functions in CRC. Here, in a prospective clinical study of 142 CRC patients, we found that ABCB5 mRNA transcripts previously reported not to be significantly expressed in healthy peripheral blood mononuclear cells are significantly enriched in patient peripheral blood specimens compared with non-CRC controls and correlate with CRC disease progression. In human-to-mouse CRC tumor xenotransplantation models that exhibited circulating tumor mRNA, we observed that cancer-specific ABCB5 knockdown significantly reduced detection of these transcripts, suggesting that the knockdown inhibited tumor invasiveness. Mechanistically, this effect was associated with inhibition of expression and downstream signaling of AXL receptor tyrosine kinase (AXL), a proinvasive molecule herein shown to be produced by ABCB5-positive CRC cells. Importantly, rescue of AXL expression in ABCB5-knockdown CRC tumor cells restored tumor-specific transcript detection in the peripheral blood of xenograft recipients, indicating that ABCB5 regulates CRC invasiveness, at least in part, by enhancing AXL signaling. Our results implicate ABCB5 as a critical determinant of CRC invasiveness and suggest that ABCB5 blockade might represent a strategy in CRC therapy, even independently of ABCB5's function as an MDR mediator.
Tumor development and progression have been associated, at the DNA level, with cumulative alterations in oncogenes, tumor suppressor genes, and repair/stability genes (1, 2) . At the cellular level, human cancers have been recognized to consist of phenotypically heterogeneous cell populations with variable ability for self-renewal and tumor propagation (3, 4) . This observation led to the development of the cancer stem cell (CSC) 3 model of tumor initiation and growth (5), which has been broadly confirmed in multiple malignancies, including CRC (6 -8) . CSCs have been shown to contribute to the failure of existing therapies to consistently eradicate malignant tumors through diverse molecular mechanisms (9) , including epithelial-mesenchymal transition (EMT) (10) associated with the ability of human cancers to invade the vasculature and disseminate to novel anatomic locations, leading to tumor progression and therapeutic resistance (11).
ABCB5 is a multidrug resistance (MDR) mediator expressed in diverse human malignancies (12) , including CRC (13) (14) (15) , where it is specifically overexpressed on therapy-resistant CD133(ϩ) tumor subpopulations (16) previously found to represent CSC (6 -8) . ABCB5 confers CRC drug resistance to 5-fluorouracil (14, 16) . Whether ABCB5 might also serve a drug resistance-independent function in CRC, a possibility raised by recent studies in Abcb5-knockout (KO) mice that revealed key functions of this molecule in stem cell maintenance in nonmalignant tissues (17) , is currently unknown. This article contains Tables S1 and S2 . 1 Co-senior investigators. 2 To whom correspondence should be addressed: Veterans Affairs Boston Healthcare System, 1400 VFW Pkwy., Boston, MA 02132. cro ARTICLE Colorectal cancer CSC can be identified by a number of molecular markers, including CD133 (6 -8), ALDH1 (18), LGR5 (19) , and LRIG1 (20) . Several studies have shown that high expression of CSC markers in primary tumors could serve as a predictor of poor prognosis (reviewed in Refs. [21] [22] [23] in CRC. In the current study, we hypothesized that drug transport-independent functions of ABCB5, first discovered in nonmalignant tissue-specific stem cells (17) , might also be relevant to malignant disease, in particular human CRC, where a requirement of ABCB5 for more efficient tumorigenic growth had previously been identified (16) . Here, we first identified a potential role of ABCB5 in CRC invasiveness in human CRC patients, where ABCB5 mRNA levels detected in the peripheral blood markedly exceeded baseline threshold levels in healthy controls and served as an independent predictor of poor overall survival (OS).
In human-to-mouse CRC tumor xenotransplantation models that exhibited circulating tumor mRNA, we found that cancer-specific ABCB5 knockdown significantly reduced detectability of these transcripts, suggesting inhibition of tumor invasiveness through cancer-specific ABCB5 knockdown. Mechanistically, this effect was associated with inhibition of expression and downstream signaling of the receptor tyrosine kinase AXL, a pro-invasive molecule herein shown to be produced by ABCB5-positive CRC cells. Importantly, rescue of AXL expression in ABCB5-knockdown CRC tumor cells restored tumor-specific transcript detection in the peripheral blood of xenograft recipients, indicating that ABCB5 regulates CRC invasiveness, at least in part, through enhancement of AXL signaling. Our results implicate ABCB5 as a novel determinant of CRC invasiveness and suggest that ABCB5 blockade might represent a novel strategy for CRC therapy, even in settings independent of its function as an MDR mediator.
Results

Peripheral blood circulating ABCB5 mRNA levels are associated with poor OS in CRC
CSCs have been associated with increased cancer virulence and deemed responsible for cancer metastatic progression and reduced patient survival (12, 24) . Based on our prior studies, which indicated that ABCB5 marks aggressive CSC in human CRC (16), we evaluated whether ABCB5 mRNA expression in peripheral blood specimens of patients with CRC correlates with poor prognosis. This study was conducted in a prospective cohort of 142 CRC patients undergoing treatment at the University of Würzburg Hospital (Table S1 ). Peripheral blood specimens obtained from enrolled CRC patients before treatment initiation and from age-matched healthy controls were evaluated for ABCB5 mRNA expression. The analyses were performed using RNA isolated from all circulating cells collected by centrifugation. Because ABCB5 is expressed only at extremely low or undetectable levels in normal mononuclear blood cells (25, 26) , we posited that ABCB5 mRNA detectability in the peripheral blood of CTC patients might serve as an initial measure for assessment of tumor invasiveness in a clinical setting, as has been shown in other ABCB5-expressing cancers (26) . In this study, we found significant enrichment of ABCB5 mRNA transcripts in CRC patients compared with healthy controls (p Ͻ 0.0001; Fig. 1A ). Moreover, peripheral blood ABCB5 mRNA levels were significantly associated with tumor location, UICC stage, N stage, and M stage (Table S2) . Additionally, using the Kaplan-Meier method and the Cox model, we determined that peripheral blood ABCB5 mRNA levels served as an independent predictor of OS in CRC patients. ABCB5 expression values were hereby divided into four classes according to the quartiles of the distribution: from the first quartile (lowest expression levels) to the fourth quartile (highest expression The distributions of OS were summarized using the Kaplan-Meier method with 95% CIs estimated using log (Ϫlog(end point)) methodology.
ABCB5 controls tumor cell invasion levels). The distributions of OS were summarized using the Kaplan-Meier method with 95% confidence intervals (CIs) estimated using the log (Ϫlog(end point)) methodology. The Kaplan-Meier curves and Cox model results revealed significant differences in OS for the different levels of ABCB5 expression, with the highest quartile of expression having the poorest OS. Median OS in the group with the highest ABCB5 expression was 26 months, compared with at least 76 months in the lower quartiles (Fig. 1B and Table 1 ). The Cox model suggested two important predictors of OS in this cohort of patients: ABCB5 and UICC stage ( Table 2) . Compared with patients with the highest ABCB5 expression levels (fourth quartile), patients in quartiles 1 and 2 with lower ABCB5 expression showed significant reductions of 87 and 75%, respectively, in the hazards of death (HR 0.13 and 95% CI 0.05-0.35; HR 0.25 and 95% CI 0.11-0.58). Additionally, patients with UICC stage 4 had significant increases in the hazard of death compared with UICC stage 1 (HR 2.6 and 95% CI 1.02-6.6). These results suggested that ABCB5 might represent a novel predictor of poor OS in CRC patients and pointed to a potential functional role of ABCB5 in CRC invasiveness, providing a rationale for further dissection of ABCB5-dependent invasiveness in experimental model systems.
ABCB5 expression is enhanced in metastatic CRC cells
Based on our finding of enhanced ABCB5 mRNA expression in the peripheral blood of CRC patients as opposed to controls and the correlation of CRC ABCB5 expression with patient outcome, we hypothesized that human CRC cells with enhanced metastatic potential overexpressed ABCB5. We found that a cell line (SW620) derived from a metastatic lesion of a CRC patient expressed significantly higher levels of ABCB5 than one (SW480) derived from the primary tumor of the same patient ( Fig. 2A, SW620 versus SW480: 15.2 Ϯ 2.3% versus 10.6 Ϯ 1.9% cell positivity, p Ͻ 0.05, mean Ϯ S.E.). This finding was experimentally recapitulated when examining in a CRC xenotransplantation model ABCB5 expression in COLO741 cells (a CRC cell line selected for its known metastatic potential) that had metastasized to the lung (COLO741MET) as opposed to COLO741 cells re-isolated from the primary tumor lesion (Fig.  2B , COLO741MET versus COLO741: 27.0 Ϯ 3.4% versus 16.5 Ϯ 3.3% cell positivity, p Ͻ 0.01, mean Ϯ S.E.).
ABCB5 is required for tumor vascular invasion
Next, we utilized an established human-to-NSG mouse subcutaneous CRC tumor xenotransplantation model (6, 7) to compare in vivo the vascular invasion potential of the COLO741MET versus the COLO741 cell line (Fig. 3A) . This was accomplished by measuring tumor-derived, human-specific mRNA transcripts (i.e. glyceraldehyde-3-phosphate dehydrogenase (GAPDH), B2M, PPIA, and MRPL19) (27) in murine peripheral blood samples harvested 8 weeks after primary tumor inoculation. We found that all four human CRC-derived mRNA transcripts were significantly enriched in the peripheral blood of mice injected with COLO741MET cells compared with mice injected with COLO741 cells (Fig. 3B) . At this time point, primary tumors in COLO741MET-injected mice had reached a mean volume of 605.4 Ϯ 40.7 mm 3 , and tumors in COLO741-injected mice had reached a mean volume of 250.2 Ϯ 28.1 mm 3 (n ϭ 8 mice/group, p Ͻ 0.001, mean Ϯ S.E.). To test whether this enhanced vascular invasion was driven by ABCB5 overexpression, we performed shRNA-mediated ABCB5 knockdown (ABCB5 KD) in COLO741MET cells, which resulted in a Ͼ90% inhibition of ABCB5 mRNA expression and an ϳ50% reduction of ABCB5 protein expression due to relatively high ABCB5 protein stability in line with previous findings (28) (Fig. 3C , top panels). Whereas ABCB5 KD in human malignancies, including CRC, is known to inhibit primary tumor growth (16) , and whereas in the current study primary tumors in COLO741MET ABCB5 KD-injected mice were accordingly smaller than tumors injected with COLO741MET CONTROL cells (263.4 Ϯ 47.5 versus 662.8 Ϯ 66.1 mm 3 , n ϭ 7 mice/group, p Ͻ 0.001, mean Ϯ S.E.), there exists no known correlation between primary tumor size and the development of metastasis in experimental cancer xenotransplantation models or even in clinical findings in CRC patients (29, 30) . Thus, examination of tumor invasiveness at a specific time point was warranted. Compared with COLO741MET cells transfected with a control plasmid (COLO741MET CONTROL), mice xenografted with COLO741MET ABCB5-KD cells exhibited significantly reduced levels of human mRNA transcripts in their peripheral blood at 8 weeks after tumor inoculation (Fig. 3C , bottom panels), indicating that the enhanced invasion potential of COLO741MET tumor cells depends on functional ABCB5.
To further investigate whether ABCB5-dependent metastatic propensity in vivo resulted from a role of the molecule in CRC invasiveness, we utilized an established in vitro trans-well assay to study the invasive capacity of WT versus ABCB5-KD cell subsets and to examine the effect of monoclonal antibody (mAb)-mediated ABCB5 blockade on the invasiveness of CRC cells. First, consistent with our in vivo results, we found a significantly higher invasiveness of COLO741MET cells compared with COLO741 cells (invading cell numbers of COLO741MET versus COLO741 cells: 139.3 Ϯ 15.1 versus 85.3 Ϯ 11.1 cells, p Ͻ 0.05, mean Ϯ S.E.) (Fig. 3D ). This higher invasive capacity of COLO741MET cells was inhibited by shRNA-mediated ABCB5 knockdown, with a significant reduction of invading cell numbers in COLO741MET ABCB5-KD 3D ). Taken together, those findings revealed a novel role of ABCB5 in regulating CRC cell invasiveness in the specimens under study.
ABCB5 promotes epithelial mesenchymal transition in CRC
EMT has been shown to play a critical role in enabling cancer tissue invasion through transitioning from a less aggressive, epithelial, to a more aggressive, mesenchymal, phenotype (10) . Based on our findings that ABCB5 is required for CRC cell 
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invasion and hematological spread, we hypothesized that ABCB5 expression is associated with EMT and might regulate the mesenchymal cellular phenotype in CRC. First, we found that morphologically, in contrast to in vivo-unpassaged, parental COLO741 cells that exhibited flattened and polygonal shapes consistent with epithelial cell characteristics (Fig. 4A ), COLO741MET cells with higher ABCB5 expression (as shown in Fig. 2B ) appeared smaller, spindle-shaped, and significantly more elongated (p Ͻ 0.01) with tapering cytoplasmic poles consistent with a mesenchymal phenotype (Fig. 4A ). In line with an EMT phenotype, COLO741MET cells expressed lower mRNA levels of the epithelial marker E-cadherin (CDH1) and higher mRNA levels of the mesenchymal markers N-cadherin (CDH2) and vimentin (VIM) compared with parental COLO741 cells (Fig. 4A) . Western blot analyses also revealed high protein levels for CDH2 and VIM in COLO741MET versus COLO741 cells (Fig. 4A) , whereas CDH1 protein was undetectable by Western blotting in either cell line. Similarly, patient metastatic lymph node-derived SW620 cells also expressed higher levels of VIM and lower levels of CDH1 compared with their SW480 counterparts derived from the primary colonic adenocarcinoma of the same patient at both mRNA and protein levels (Fig.  4A) . In both SW480 and SW620 cell lines, CDH2 was not detectable at the mRNA or the protein levels (Fig. 4A) .
Next, we examined whether ABCB5 is required for the maintenance of the mesenchymal phenotype in CRC cells using either mAb-or shRNA-mediated ABCB5 blockade. ABCB5 inhibition in COLO741 cells through either mAb treatment or ABCB5 KD resulted in attenuated expression of CDH2 and VIM and enhanced expression of CDH1 at the mRNA level and in attenuated CDH2 and VIM expression at the protein level, whereas CDH1 was not detectable at the protein level in either ABCB5 blockade or control cultures (Fig. 4B) . Similar reciprocal changes in epithelial and mesenchymal marker expression were observed as a result of mAb-based ABCB5 blockade in the metastatic cell line SW620, which also exhibited enhanced 
CDH1 and reduced VIM mRNA and protein expression in ABCB5 mAb-treated compared with isotype control-treated cultures (Fig. 4B) . These results revealed a novel functional role of ABCB5 in the maintenance of a mesenchymal phenotype in human CRC cells and provided proof of principle that this phenotype can be targeted through ABCB5 mAb blockade in a translationally relevant manner.
ABCB5 promotes tumor invasion through regulation of AXL
Recent studies have shown that the receptor tyrosine kinase AXL, which correlates with adverse CRC prognosis (32) , is responsible for EMT induction in other malignancies (33, 34) . We found that AXL mRNA expression was diminished in COLO741 ABCB5-KD CRC cell cultures by Ͼ90% and that AXL protein expression was reduced in these cells by Ͼ50% compared with control-transfected cells (Fig. 5A) . Furthermore, mAb-mediated ABCB5 blockade consistently inhibited expression of AXL in all of four CRC cell lines examined (COLO741, SW620, HT29, and HCT116, with ABCB5(ϩ) tumor cell frequencies ranging from 9 to 27%), as determined by Western blot analysis (Fig. 5A) , and also inhibited, to a lesser degree, its downstream target phospho-AKT. The functional relationship between ABCB5 and AXL was supported by significantly up-regulated AXL expression at both mRNA and protein levels in untreated ABCB5(ϩ) cells sorted from all four cell lines by flow cytometry (Fig. 5B) . Moreover, AXL expression (as determined at both mRNA and protein levels) and downstream signaling (phospho-AKT/AKT ratios) were enhanced in metastasis-derived COLO741MET versus parental COLO741 cells (Fig. 5C ). To investigate whether ABCB5-driven CRC invasiveness is mediated by AXL in vivo, we examined whether AXL overexpression in COLO741 ABCB5-KD cells could restore hematological cancer dissemination in an established human-to-NSG mouse subcutaneous tumor xenotransplantation model (6, 7) , in which mice were grafted with either COLO741 ABCB5-KD cells or their respective controls or COLO741 ABCB5-KD cells trans- 
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fected with AXL or their respective controls. Murine recipient peripheral blood samples were collected 16 weeks after tumor inoculation and examined for expression of human-specific GAPDH, B2M, PPIA, and MRPL19 mRNA transcripts (27) . We found that human cancer-derived mRNA transcript levels were significantly reduced in peripheral blood samples of NSG mice transplanted with COLO741 ABCB5-KD cells compared with controls (Fig. 5D) . Moreover, exogenous restoration of AXL expression in ABCB5-KD cells (Fig. 5E, left and center) significantly reversed this effect (Fig. 5E, right) . Taken together, these results indicated that ABCB5-driven hematological CRC dissemination is mediated, at least in part, through regulation of AXL.
ABCB5-mediated EMT induction depends on an IL-8/AXL signaling cascade
Previous studies revealed a critical role of IL-8 in the induction of CRC EMT (35, 36) . Based on our discovery of a novel functional relationship between ABCB5 and AXL and on the established molecular role of ABCB5 in IL-8 production (13), we hypothesized that ABCB5 might also employ the IL-8 pathway to sustain AXL-mediated EMT in CRC. To test this hypothesis, we first examined the effect of ABCB5 blockade on IL-8 production by CRC cells. We found that ABCB5 mAb treatment resulted in a significant reduction of IL-8 production in all four CRC cell lines examined (Fig. 6A, left) . A similar effect was observed in the setting of shRNA-mediated ABCB5 KD, tested in an exemplary manner in COLO741 cells (Fig. 6A,  right) . Additionally, exogenous administration of recombinant IL-8 reversed ABCB5 mAb-induced inhibition of AXL expression in HCT116, HT29, SW620, and COLO741 CRC cell cultures (Fig. 6B) , as evidenced by quantitative ImageJ-based densitometry analyses of the Western blotting data, which revealed significant IL-8 -induced augmentation of AXL levels compared with the impaired levels (63 Ϯ 6% inhibited, p Ͻ 0.01, mean Ϯ S.E.) observed in ABCB5-blocked cultures, by 40% Ϯ 18%, p Ͻ 0.05, mean Ϯ S.E., at 1 ng/ml IL-8 concentrations, indicating that ABCB5 control of AXL expression is mediated, at least in part, via IL-8. Moreover, exogenous administration of recombinant IL-8 was also associated with restoration of mesenchymal marker expression (CDH2 and VIM in COLO741 cells and VIM in SW620 cells; Fig. 6C ) and inhibition of epithelial marker expression (CDH1) in SW620 cells (Fig. 6C) . Specifically, quantitative ImageJ-based densitometry analyses of the Western blotting data showed a significant IL-8 -induced dose-dependent increase in CDH2 and VIM (up to 68 and 90%, respectively, at 1 ng/ml IL-8 concentration, p Ͻ 0.05), compared with the impaired levels of CDH2 (77% inhibited) and VIM (85% inhibited) observed in ABCB5-blocked COLO741 cultures (Fig. 6C, left) . Similar results were observed in SW620 cultures, where quantitative Western blot analyses showed a significant IL-8 -induced dosedependent increase in VIM (up to 30% at 1 ng/ml IL-8 concentration, p Ͻ 0.05) compared with the impaired levels of VIM (62% inhibited) observed in ABCB5-blocked cultures (Fig. 6C, right) . In addition, SW620 cultures exhibited IL-8 -induced dose-dependent attenuation of epithelial marker CDH1 expression (75% inhibited) at 1 ng/ml IL-8 concentration (p Ͻ 0.05), compared with the 35% augmentation of CDH1 observed in the setting of ABCB5 blockade (Fig. 6C,  right) . These results indicate that ABCB5 control of EMT marker expression is also mediated, at least in part, via IL-8.
Discussion
Previously, ABCB5 has been shown to represent a clinically relevant MDR mechanism, based on drug efflux function, in diverse human malignancies (13, 16, (37) (38) (39) , which can be therapeutically targeted in CSC subpopulations through mAb-mediated functional blockade that inhibits ABCB5-mediated drug efflux or through therapeutic ablation of ABCB5-expressing, drug-effluxing CSCs via antibody-dependent cell-mediated cytotoxicity (31, 37) . In contrast, drug efflux-independent functions of ABCB5 in CSC and normal tissue-specific stem cells are only beginning to be elucidated. For example, ABCB5 has been shown to control a pro-inflammatory cytokine signaling axis involving IL-8 production and IL-8 -dependent CSC maintenance in human melanoma (13) and to exert anti-apoptotic functions in normal tissue-specific stem cells through p53 stabilization and regulation of BCL-2/BCL-X expression (17) .
In CRC, ABCB5 has been shown to confer therapeutic resistance to 5-fluorouracil (14, 16) , and ABCB5-mediated chemoresistance has been found to be positively regulated by c-MYC (14), whereas microRNA-522 could reverse ABCB5-mediated drug resistance as a negative regulator of ABCB5 expression (15) . However, drug resistance-independent functions of ABCB5 in CRC have not been reported before our current study.
Here, using gene knockdown-and mAb-based ABCB5 inhibition strategies in vitro or ABCB5 blockade in tumor xenotransplantation models in vivo, we demonstrate for the first time that ABCB5 controls CRC cell invasiveness, unrelated to its previously established function as a drug resistance mechanism.
Mechanistically, we show that this novel function involves, at least in part, ABCB5-mediated control of IL-8 production paralleling findings previously established in melanoma (13) and, additionally, a downstream pathway of IL-8 -dependent induction of AXL, a receptor tyrosine kinase with known roles in CRC invasiveness (32) . Consistent with these results, we provide initial evidence for a role of ABCB5 in the EMT phenotype of colorectal cancer cells, which has also been previously linked to tumor invasiveness, including in CRC (40) . Thus, our study implicates ABCB5 as a novel link between drug resistance, EMT, and tumor invasiveness in CRC, with potentially important implications for CRC therapy and prognosis. For example, the ABCB5-regulated downstream molecules IL-8 and AXL confer tumor resistance to EGFR-targeted therapies (41) (42) (43) , which are widely used for the treatment of advanced CRC (44 -46) . Further exploration of ABCB5 as a potential novel target to sensitize EGFR-resistant CRC tumors to therapy might therefore be warranted. With regard to the potential relevance of our findings to clinical CRC progression and prognosis, we found in an initial clinical study a specific association between increased circulating ABCB5 mRNA levels and poor OS in CRC patients. This result parallels previous findings in clinical melanoma, where circulating ABCB5 mRNA levels had significant prognostic value in inferring disease recurrence (26) . Importantly,
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circulating ABCB5 mRNA is not expressed at significant levels in the peripheral blood of healthy humans (25) and, when detectable at significant levels in cancer patients, has been shown to arise from disseminated tumor cells (26, (47) (48) (49) , suggesting that circulating ABCB5 mRNA detected in CRC patients in the current study similarly arose from tumor cell bloodstream invasion. Our findings in human-to-mouse CRC xenotransplantation models clearly support this notion, by documenting the functional role of ABCB5 in human CRC tumor cell blood stream invasion. Although we cannot rule out entirely that differences in primary tumor lesions may have influenced metastatic behavior in our experiments, such correlations between primary tumor size and the development of metastasis have not previously been observed in experimental cancer xenotransplantation models (30) . Our results provide a rationale for future studies aimed at correlating circulating ABCB5 mRNA levels with the prognostic value of ABCB5(ϩ) CTC numbers in CRC patients.
In summary, our finding that ABCB5 promotes tumor cell invasion in CRC suggests that novel ABCB5-targeted strategies in this malignancy might have the potential to disrupt two distinct but apparently related features of tumor aggressiveness (i.e. as previously shown, drug resistance (28), and, based on current results, invasive tumor progression). 
Experimental procedures
Patients
This study prospectively enrolled patients undergoing treatment for CRC at the University Hospital of Würzburg from January 2003 to December 2008. Of 670 patients enrolled, 142 were included in this study based on the availability of histologically confirmed primary tumors or metastases and of pretreatment-obtained peripheral blood samples. Patient characteristics are summarized in Table S1 . All patients were followed up regularly at 3-6-month intervals in accordance with the guidelines for the German Tumor Centers (completeness index of 0.96 (50)). Median follow-up in the data set for the CRC patients was 69 months (95% CI 62-73 months), which is based on a Kaplan-Meier estimate with an inverted censor. UICC stage I and stage II patients underwent surgical resection without adjuvant chemotherapy. Stage III colon cancer patients were treated with adjuvant chemotherapy (FOLFOX-4 or FOLOFOX-6 regimens) after surgical resection. Stage III rectal cancer patients were treated with neoadjuvant chemoradiation (two cycles of 5-fluorouracil with or without oxaliplatin and cumulative 54 grays of radiation before surgery followed by an additional four cycles of chemotherapy (FOLFOX-4 or FOLFOX-6 regimens) after the surgery. Stage IV patients were treated with several regimens (mostly FOLFOX or FOLFIRI with or without bevacizumab or cetuximab) with neoadjuvant or palliative intention to treat. The study was approved by the University Hospital of Würzburg Ethics Committee, and it abides by the Declaration of Helsinki principles. All patients enrolled in the study signed the informed consent.
Quantitative RT-PCR analyses
Peripheral blood (7.5 ml collected in EDTA-containing Vacutainers) was obtained from each patient before treatment initiation. After density centrifugation through Ficoll-Paque (Pharmacia, Freiburg, Germany; 30 min, 400 ϫ g), peripheral mononuclear blood cells were harvested and washed twice in PBS. Cell pellets were snap-frozen in liquid nitrogen and stored at Ϫ80°C until further use. mRNA was extracted from 1 ϫ 10 6 cells using TRIzol reagent (Invitrogen, Darmstadt, Germany) according to the manufacturer's recommendations. cDNA synthesis was carried out using the iScript cDNA synthesis kit (Promega, Mannheim, Germany). The following primers were used: ABCB5 sense, 5Ј-CACAAAAGGCCATTCAGGCT-3Ј; ABCB5 antisense, 5Ј-GCTGAGGAATCCACCCAATCT-3Ј; ␤-actin sense, 5Ј-CCTGGCACCCAGCACAAT-3Ј; ␤-actin antisense, 5Ј-GCCGATCCACACGGAGTACT-3Ј. All PCRs were carried out with a DNA Engine Opticon 2 system (MJ Research, Biozym). Gene expression levels were normalized to ␤-actin and shown as ⌬Ct calculated as Ct for the gene of interest minus Ct for ␤-actin.
For quantitative RT-PCR analyses of cultured CRC cells, total RNA was isolated using an RNeasy plus kit (Qiagen) as described previously (51) . cDNA was synthesized from 1 g of total RNA using the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Invitrogen) according to the manufacturer's protocol. Quantitative RT-PCR was performed using the TaqMan Gene Expression Master Mix (AB Applied Biosystems) with primers and TaqMan probes listed as follows: CDH1 (Hs01013953), CDH2 (Hs00983061), VIM (Hs00958112), GAPDH (Hs99999905), B2M (Hs00187842), PPIA (Hs99999904), MRPL19 (Hs00608519), and ACTB (4352341E). All PCRs were carried out with a GeneAmp 7000 sequence detection system (Applied Biosystems) and assessed as described previously (52) .
Cell culture
The authenticated human CRC cell lines HCT116, HT29, and SW620 were obtained from American Type Culture Collection. The authenticated human CRC cell line COLO741 was purchased from Sigma-Aldrich. Cells were cultured in RPMI 1640 medium (Lonza Bio-Whittaker) supplemented with 10% (v/v) fetal bovine serum (FBS) (Invitrogen Gibco) and 1% (v/v) penicillin/streptomycin (Lonza Bio-Whittaker).
Generation of stable knockdown and overexpressing colorectal cancer cell lines
Generation of stable COLO741 ABCB5-KD or control cell lines was accomplished by retroviral infection followed by puromycin selection (1 g/ml). Briefly, using FuGENE HD Transfection Reagent, 293T cells were co-transfected with a retroviral vector pSMP expressing an shRNA of interest, a plasmid pCMVGag-Pol expressing the retroviral structure proteins, and a plasmid mediating viral entry. Retroviral stocks were collected as culture supernatants 48 h post-transfection and used for infection of COLO741 cells. The ABCB5 shRNA target sequence 5Ј-CCTC-GAAGAAAGCACAGATTA-3Ј was chosen among other targets tested based on the highest ABCB5-knockdown efficiency. The ABCB5 mRNA knockdown efficiency was confirmed by TaqMan gene expression assays (Life Technologies, Inc., Hs00698751_m1) using GAPDH as the internal control (Life Technologies, Hs99999905_m1). Reduction of ABCB5 protein expression in ABCB5-KD cell lines was confirmed by flow cytometry. Stable COLO741 ABCB5-KD AXL-overexpressing and COLO741 ABCB5-KD-control cell lines were generated by transfection of plasmids pCMV-AXL and pCMV-entry (Origene), using FuGENE HD transfection reagent. Stably transfected cell clones were selected using Geneticin (1 mg/ml). AXL overexpression was confirmed at the mRNA level by qPCR using TaqMan gene expression assays (Life Technologies, Hs01064445_ m1), using GAPDH as internal control (Life Technologies, Hs99999905_m1). AXL protein expression was examined by Western blot analyses using goat anti-AXL polyclonal antibody.
Generation of a metastatic CRC cell pool COLO741MET
COLO741 cells were xenografted subcutaneously into the right flanks of recipient NSG mice (1 ϫ 10 6 /inoculum). At 8 weeks after tumor cell inoculation, mice were euthanized, and lung metastases were isolated under a dissecting microscope. The tissues were minced and digested in PBS containing 5 mg/ml collagenase IV (Worthington), 1 mM CaCl 2 , 1% (v/v) penicillin/streptomycin (Lonza Bio-Whittaker), and 1% (v/v) antibiotic-antimycotic (Invitrogen Gibco) at 37°C for 1 h with constant shaking at 250 rpm. Cells were filtered through a 40-m cell strainer (BD Falcon), pelleted, washed twice with PBS, and transferred to 25-cm 2 culture flasks. Dissociated cell
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cultures were incubated at 37°C with 5% CO 2 in RPMI 1640 medium (Lonza Bio-Whittaker) supplemented with 10% (v/v) FBS (Invitrogen Gibco) and 1% (v/v) penicillin/streptomycin (Lonza Bio-Whittaker). The cells were passaged every 2-3 days and subjected to controlled trypsinizations to remove any contaminating fibroblasts.
Antibodies
The following primary antibodies were used in flow cytometry experiments: mouse monoclonal anti-ABCB5 antibody (clone 3C2-1D12) (17, 25, 31, 37, 51, 53) and anti-AXL polyclonal goat antibody (R&D Systems). MOPC-31C mouse isotype (BD Pharmingen) and polyclonal goat IgG (R&D Systems) were used as primary control antibodies. The secondary antibodies were rat anti-mouse IgG1-APC antibody (BD Pharmingen) and donkey anti-goat IgG-PE (R&D Systems). For the Western blots, the following antibodies were purchased from R&D Systems: human AXL polyclonal goat antibody, goat antirabbit IgG-HRP affinity-purified polyclonal antibody, goat antimouse IgG-HRP affinity-purified polyclonal antibody, and rabbit anti-goat IgG-HRP affinity-purified polyclonal antibody. In addition, the following antibodies were purchased from Cell Signaling Technology: ␤-actin (D6A8) rabbit mAb, E-cadherin (24E10) rabbit mAb, vimentin (D21H3) rabbit mAb, and N-cadherin (D4R1H) rabbit mAb. The following antibodies were used for functional ABCB5 inhibition studies: mouse monoclonal anti-ABCB5 antibody (clone 3C2-1D12) (25) and isotype control mAb (clone MOPC31C, Sigma).
Transwell in vitro invasion assays
The effect of ABCB5 on cell invasion was determined using BioCoat TM Matrigel invasion chambers (Corning, Inc.) according to the manufacturer's instructions. Briefly, cells were seeded on the Matrigel-coated upper inserts in serum-free RPMI 1640 medium at a density of 5 ϫ 10 4 cells/well for the COLO741, COLO741MET, COLO741MET CONTROL, and COLO741MET ABCB5-KD lines and of 2 ϫ 10 5 cells/well for the SW620 line. The bottom wells were filled with 10% FBScontaining medium. For mAb-mediated ABCB5 blockade, isotype control mAb or anti-ABCB5 mAb was added fresh daily to both the upper and lower chambers at a concentration of 50 g/ml. All studies were conducted in triplicates. After 24 or 48 h of incubation, the inserts were removed, and cells invading the lower chamber were stained with the Diff-Quik TM kit (Andwin Scientific, North Carolina, IL). The cells were photographed at ϫ10 magnification under a Nikon Eclipse TI microscope and counted in four randomly selected microscopic fields per well.
In vivo cell invasion assays
For in vivo cellular invasion analyses, we utilized a humanto-mouse xenotransplantation model as described previously (48) . COLO741 and COLO741MET, as well as COLO741MET CONTROL and COLO741MET ABCB5-KD cells, were xenografted subcutaneously into the right flanks of recipient NSG mice (1 ϫ 10 6 /inoculum, n ϭ 8 mice/group). At 8 weeks posttransplantation, mice were euthanized, and blood specimens were collected by cardiac puncture (48) . Erythrocytes were lysed using the modified hypotonic shock method described previously (54) . Briefly, 8.2 ml of ice-cold distilled water was added to 800 l of the murine blood at 4°C. The tubes were lightly agitated for 15 s, and then 1 ml of ice-cold 10ϫ PBS was added to restore the isotonicity of the blood sample. After that, cell suspensions were centrifuged at 250 ϫ g for 5 min at 4°C to pellet the cells. The cell pellets were washed twice with ice-cold 1ϫ PBS, resuspended in 1ϫ RLT-plus buffer (Qiagen) containing 1% (v/v) ␤-mercaptoethanol, and stored at Ϫ80°C for further analysis.
Flow cytometry
Cells were harvested using Versene (Invitrogen), passed through a 40-m nylon mesh to exclude aggregates, and examined using trypan blue for cell viability as described previously (52) . Analysis of ABCB5 and AXL expression was done by single-color flow cytometry as described previously (52) .
Western blots
Protein lysates from cultured cells were prepared using 10ϫ cell lysis buffer (Cell Signaling) supplemented with 1ϫ complete protease inhibitor mixture (Roche Applied Science). For tumor tissues, total protein was purified using the AllPrep DNA/RNA/protein minikit (Qiagen). Immunoblotting was performed as described previously (51) . Semiquantitative analysis of Western blots was performed using the software Image Studio Lite (LI-COR).
IL-8 ELISA and IL-8 rescue assays
Supernatants from CRC cell cultures treated with either isotype control or anti-ABCB5 mAb were collected, centrifuged to remove particulates, aliquoted, and stored at Ϫ80°C before analysis. IL-8 concentration was measured using the human CXCL8/IL-8 Quantikine ELISA kit (R&D Systems) according to the manufacturer's instructions. For IL-8 rescue experiments, CRC cells were cultured in the presence of either vehicle control or recombinant IL-8 (R&D Systems) at the indicated concentrations for 72 h.
Animals
Immunodeficient male and female NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice were purchased from Jackson Laboratory. All animals were maintained in accordance with the institutional guidelines of the Veterans Affairs Boston Healthcare System, Harvard Medical School.
Statistical methods
For the clinical study, ABCB5 expression was summarized according to patient demographic or disease characteristics using the Wilcoxon rank-sum test (two categories) or the Kruskal-Wallis test (three or more categories). ABCB5 mRNA expression levels were divided into four classes according to the quartiles of the distribution of expression values. The distributions of OS were summarized using the method of KaplanMeier with 95% CIs estimated using log (Ϫlog (end point)) methodology. Cox proportional hazards regression models were fit to each of the time-to-event outcomes. ABCB5 expression (quartiles) was included as an independent variable in all
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Cox models related to that biomarker. Additional candidateindependent predictors were patient gender, tumor location, tumor grade (grades 1 and 2 versus 3), UICC stage, T stage, N stage, and M stage, and patient age divided at the median (66 years). Standard model-building techniques were used. Predictors were considered statistically significant and included in the final model if the Wald 2 p value was Ͻ0.05 or if the model fit was significantly improved by including a predictor with a p value between 0.05 and 0.065 based on a log-likelihood test. Spearman correlation coefficients were used to describe the relationships between expression levels of the four biomarkers. Comparisons of ABCB5 expression between patients with CRC and controls were based on Wilcoxon rank-sum tests. The OS, determined as time in months from treatment initiation to death from any cause was chosen as the end point definition. In other, nonclinical experimental studies, statistical differences between expression levels of markers or between surviving cell fractions were determined by using paired or unpaired t-tests where appropriate, with two-sided p values of p Ͻ 0.05 considered significant. 
